Abstract: Some new symmetrical diimino tetradentate Schiff base ligands were synthesized by the reaction of 3,4-diaminobenzophenone with salicylaldehyde derivatives, such as [3,4-bis(((2-hydroxy-4-methoxyphenyl)
INTRODUCTION
Tetradentate Schiff base ligands were synthesized by the reaction of diamines with the corresponding salicylaldehyde derivative. These reactions are important due to the great number of molecules that can be generated and the well--known ability of these tetradentate ligands to form stable complexes with different metal cations. 1 The literature clearly shows that the study of Schiff base ligand systems is linked with many of the key advances made in inorganic chemistry. [2] [3] [4] They played a seminal role in the development of modern coordination chemistry. 5 Se-
EXPERIMENTAL

Materials and instruments
The materials, 3,4-diaminobenzophenone, 3-methoxysalicylaldehyde, 4-methoxysalicylaldehyde, 5-methoxysalicylaldehyde, 5-bromosalicylaldehyde, 5-nitrosalicylaldehyde, dimethylformamide, methanol, chloroform, nickel acetate tetrahydrate, zinc acetate dihydrate and copper acetate monohydrate were purchased from Merck and Fluka, Germany. Spectrograde solvents were used for the spectral measurements.
C, H, N analysis data were obtained using a Thermo Finningan Flash EA-1112 elemental analysis instrument. Melting points were measured in capillary tubes using a Buchi 535 melting point apparatus. The infrared spectra were recorded on a Shimadzu FTIR-8300 spectrophotometer using the KBr pellet technique. The UV-Vis spectra were obtained in DMF on a Perkin Elmer Lambda 2-UV/Vis spectrophotometer. The 1 H-NMR spectra were recorded on a Bruker Avance DPX-250 MHz spectrometer with TMS as internal standard and the mass spectra were obtained on a Perkin-Elmer R MU-6E instrument.
Synthesis of the Schiff base ligands and their complexes
All the new tetradentate Schiff base ligands (L 1 -L 4 ) were prepared by condensation of a derivative of salicylaldehyde (2 mmol) with 3,4-diaminobenzophenone (1 mmol) by refluxing in MeOH (30 cm 3 ) for 2 h. The final products were analytically pure solids after recrystallization from 1:1 chloroform/methanol mixed solvent for L 1 , L 2 and L 3 , and dimethylformamide/methanol mixture (1:1) for L 4 . The products were dried at 50 °C under vacuum for 24 h. The L 5 Schiff base ligand was prepared according to a previously published method. 21 Ni(II), Cu(II) and Zn(II) complexes of L 1 , L 2 and L 3 were prepared by the addition of 1.5 mmol of the appropriate metal acetate hydrates dissolved in 10 cm 3 of methanol to a hot mixture of methanol (20 cm 3 ) and chloroform (15 cm 3 ) containing 1 mmol of the required Schiff base ligand. The mixture was then refluxed for 3 h for L 1 , L 2 and L 3 . The precipitated solids were recrystallized from methanol and dried under vacuum. The Ni(II), Cu(II) and Zn(II) complexes of L 4 were prepared in a similar way but the Schiff base ligand was dissolved in a hot mixture of methanol (15 cm 3 ) and DMF (20 cm 3 ). The same metal complexes of L 5 were also prepared by a similar method but dissolved in methanol at room temperature (Scheme 1). Scheme 1. A structural representation of the Schiff base complexes.
Thermodynamic studies
The formation constants, K f , were determined by UV-Vis absorption spectroscopy through titration of a fixed concentration (3×10 -5 M) of the ligands with various concentrations of the metal ions (10 -4 -10 -5 M) at constant ionic strength (0.1 M NaClO 4 ) and at 25 °C. The interaction of NaClO 4 with the ligands in dimethylformamide was negligible. The absorption measurements were performed at various wavelengths, where the difference in the absorption was the maximum after equilibrium. The formed product exhibited different absorptions from those of the free ligand, while the metal ion solution showed no absorption at these wavelengths.
RESULTS AND DISCUSSION
The elemental analyses and some physical properties of the synthesized ligands and their complexes are collected in Table I . 
Spectral characterization
1 H-NMR spectra. The 1 H-NMR spectra of the compounds were obtained in DMSO-d 6 and CDCl 3 at room temperature using TMS as the internal standard. The 1 H-NMR assignments of the compounds are presented in Table II . The chemical shift observed for the OH protons in the ligands (12.27-13.88 ppm) were not observed in any of the complexes. This confirms the bonding of the oxygen atoms to the metal ions (C-O-M).The presence of a sharp singlet for the -C(H)=N proton in the Schiff bases (7.99-9.15 ppm) clearly indicates that the magnetic environments for all such protons were similar, suggesting the presence of a planar ligand in these complexes. 22 The multiplets of the aromatic protons appeared within the range 6. IR spectra. The IR spectra provided valuable information regarding the nature of the functional groups attached to the metal atom. The main infrared bands and their assignments are listed in Table III . The strong broad band in the IR spectra of the ligands in the range 3375-3463 cm -1 is assigned to O-H stretching vibrations, which is affected by the intramolecular hydrogen bond to the azomethine group (O-H⋅⋅⋅N=C). These bands disappeared through complexation with the metal ions. 23 The weak bands at 2823-3062 cm -1 are related to (C-H) vibrations. The band in the region 1643-1666 cm -1 is attributed to (ν C=O ). The spectra of the ligands showed two different (-C=N) bands in the region 1527-1620 cm -1 , which were shifted to lower frequencies in the spectra of all the complexes, indicating the involvement of the -C=N nitrogen in the coordination to the metal ions. 24 The ring skeletal vibrations (C=C) were observed in the region 1427-1546 cm -1 . The phenolic C-O stretching vibrations appeared in the region 1188-1292 cm -1 . The assignment of the proposed coordination sites was further supported by the appearance of bands at 489-574 cm -1 and 412-493 cm -1 , which could be attributed to ν N-M and ν O-M , respectively. All the IR data suggest that the metal was bonded to the Schiff bases through the phenolic oxygen and the imino nitrogen. 25 Electronic spectra. The electronic spectra of the free ligands L 1-3 and L 5 show a weak band, as a shoulder in the region of 415-485 nm, which is assigned to n→π * transition involving molecular orbitals of the C=N chromophore and the benzene ring. 26-29 L 4 shows a sharp peak at 428 nm. The band in the range of 320-404 nm for L 1-3 and L 5 is assigned to π→π* type transition, which involves molecular orbitals essentially localized on the C=N group and the benzene ring; thus, the transition involves the azomethine group. This type of transition in L 4 is 68 ASADI, SEPEHRPOUR and MOHAMMADI a sharp peak at 375 nm. These differences in shape and position of the band in L 4 are probably due to the presence of the NO 2 chromophore in the ligand (See Table IV ). Shifts were observed in the visible spectra of the metal complexes when compared with those of the corresponding free ligands. The formation of the metal-nitrogen bond stabilizes the electron pair on the nitrogen atom, i.e., the energy of the non-bonding orbital is lowered and the transition occurs at a lower wavelength. This band is obscured by a strong band which can be assigned to π→π* type transitions involving the metal-ligand bonds. 30, 31 The d-d band was not observed, as it was masked by the metal to ligand charge transfer (MLCT) band. In the compounds, bands of the ligands were observed in the 331-393 nm and 415-485 nm ranges, as shoulders. In their complexes, the bands were shifted to lower energy. The spectral changes were observed in DMF solution when up to 3.5 equivalents of Ni(OAc) 2 were added relative to L 2 . In the absence of the metal ion, the L 2 solution showed absorption bands at 338 and 485 nm as shoulders. As the metal ion solution was added, the signals of L 2 decreased and those of the new complex, NiL 2 , at 390 and 478 nm increased in intensity with isosbestic points at 370 and 700 nm. After the addition of 3.5 equivalents of the metal ion, the solution showed only the signals for NiL 2 . The same was valid for the other systems.
The electronic spectra of the complexes formed during the titration were the same as those of the separately synthesized complexes. The UV-Vis spectra of 70 ASADI, SEPEHRPOUR and MOHAMMADI L 2 , NiL 2 from the titration and the synthesized NiL 2 product are shown in Fig. 1 . The data show that the synthesized complex and the product of the titration are same. The results were same for the other systems. Mass spectra. The mass spectra of the ligands and complexes show intense molecular ion peaks m/z M + /(M+H) + . In addition to these peaks, they show some peaks due to elimination of phenyl or benzyl derivative species from the molecular ion. The mass spectra of the compounds also show some prominent peaks corresponding to m/z (M-Ar) + , (M-Ar-CH) + , (Ar) + , (Ar-CH) + and (PhCO) + (Table V). The fragmentation of the mass spectrum of the L 2 ligand is: 480 (M+, 9.9), 344 (C 6 H 5 COC 6 H 3 N=CHC 6 H 3 OHOMeN, 70.6), 239 (C 6 H 3 N=CHC 6 H 3 OHOMeN, 4.6), 221 (C 6 H 5 COC 6 H 3 N=CHN, 5.0), 180 (C 6 H 5 COC 6 H 3 , 3.2), 123 (C 6 H 3 OHOMe, 11.5), 105 (C 6 H 5 CO, 95.0), 77(C 6 H 5 , 100.0) ( Table V) .
The formation constants
Complexes were obtained from the reaction of the metals with the Schiff base donors according to Eq. (1):
The formation constants were determined by UV-Vis absorption spectroscopy through titration of the ligands with various concentrations of the metal ions at a constant ionic strength 0.1 M (NaClO 4 ) at 25 °C. The complex formation constants, K f , were calculated using the SQUAD computer program, 32 designed SCHIFF BASE LIGANDS OF 3,4-DIAMINOBENZOPHENONE 71 to calculate the best values for formation constants by employing a non-linear, least squares approach. The free energy change ΔG of the formed complexes were calculated from ΔG = -RT ln K f at 25 °C, where K f is the complex formation constant, R the gas constant and T the thermodynamic temperature (Table  VI) . 
The metal effect
The trend of the complex formation of the metal ions with a given ligand is as follows: Ni 2+ > Cu 2+ > Zn 2+ .
The crystal field stabilization energy, CFSE, affects the stability of the produced complexes. Ni 2+ has the highest CFSE; hence, it has the highest formation constant. The coordination around nickel is essentially square planar with a small tetrahedral distortion. The molecular structure of [Ni(salen)], 33 35 were determined previously and may be compared with the structure of the present complexes NiL [1] [2] [3] [4] [5] .
Zn(II), with a d 10 configuration, has more potency to take a tetrahedral configuration; hence, it has the smallest formation constant, while Cu(II), with a d 9 configuration, tends to have a distorted square planar geometry because of the Jahn-Teller effect 36 (Table VI) .
The electronic effect of para-substituted Schiff base ligands
For studying the electronic effect of para substitution on the Schiff base ligands, some different substituents were used. In the para-substituted Schiff base ligands, the formation constants vary as could be expected according to the electronic effect of the substituents at the para position. Thus, the formation constants decrease according to the sequence OMe > Br > NO 2 . An electron-withdrawing functional group, such as NO 2 , makes the Schiff base a poorer donor ligand and decreases the formation constant, while an electron-donor group, such as OMe, increases the formation constant. Therefore, the ligands having Br and NO 2 groups, (L 3 ) and (L 4 ), respectively, have the smallest formation constants, while the ligands with an OMe group have the highest (Table VI) . 37, 38 The effect of the position of the methoxy substituent on the Schiff base
The results show the following trend of complex formation of either nickel(II) and copper(II) with the Schiff bases (Table VI) In the case of L 2 , the methoxy group was situated in the para position to the phenolic oxygen of the N 2 O 2 backbone, which can release an electron directly to the phenyl ring compared with that of the meta and ortho positions in L 1 and L 5 , respectively. 39 The trend of the formation constant for the Zn 2+ complexes is as follows: 5--OMe (L 2 ) < 3-OMe (L 5 ) < 4-OMe (L 1 ).
It seems, due to the preference of Zn 2+ for a tetrahedral geometry, the steric factor predominates over the electronic factor.
CONCLUSIONS
Some new symmetrical di-imino tetradentate Schiff base ligands and their complexes with Ni(II), Cu(II) and Zn(II) were synthesized and characterized. The thermodynamic formation constants, K f , were determined spectrophotometrically at 25 °C. By considering the formation constants and the free energy changes, the following conclusions were drawn.
The complex formation constant for Ni(II) was higher than Cu(II) and Zn(II) has the smallest formation constant: Ni(II) > Cu(II) > Zn(II).
An electron-donor group increases the formation constant, while an electron--withdrawing functional group decreases it. The trend of the formation constant is as follows: ML 1,2,5 > ML 3 > ML 4 , M = Cu(II), Zn(II) and Ni(II).
